Abstract. During the early development of Xenopus laevis , we followed in individual nuclei the formation of a nucleolus by examining simultaneously its structural organization and its transcriptional competence. Three distinct situations were encountered with different frequencies during development. During the first period of general transcriptional quiescence, the transcription factor UBF of maternal origin, was present in most nuclei at the ribosomal gene loci. In contrast, fibrillarin, a major protein of the processing machinery, was found in multiple prenucleolar bodies (PNBs) whereas nucleolin was dispersed largely in the nucleoplasm. During the second period, for most nuclei these PNBs had fused into two domains where nucleolin concentrated, generating a structure with most features expected from a transcriptionally competent nucleolus. However, RNA polymerase I-dependent transcription was not detected using run-on in situ assays whereas unprocessed ribosomal RNAs were observed. These RNAs were found to derive from a maternal pool. Later, during a third period, an increasing fraction of the nuclei presented RNA polymerase I-dependent transcription. Thus, the structural organization of the nucleolus preceded its transcriptional competence. We conclude that during the early development of X . laevis , the organization of a defined nucleolar structure, is not associated with the transcription process per se but rather with the presence of unprocessed ribosomal RNAs.
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uring interphase, the nucleus of a eukaryotic cell is highly organized (Lamond and Earnshaw, 1998) . Whereas the chromatin corresponding to individual chromosomes occupies defined territories (Cremer et al., 1993) , the machineries supporting nuclear functions dedicated to transcription, processing, replication and repair have been localized in specific sites possibly determining functional domains in the nucleus (reviewed by Spector, 1993; Jackson, 1995; Strouboulis and Wolffe, 1996; Singer and Green, 1997; Lamond and Earnshaw, 1998) . Understanding how the spatial and temporal assembly of these molecular machineries operate will be critical to decipher how they can be controlled and coordinated.
The nucleolus represents an attractive model of a functional domain involved in RNA metabolism. It is present in the nucleus as a morphologically distinct nuclear organelle and its organization has been largely documented in the literature (reviewed by Hadjiolov, 1985) . Within this domain, the ribosomal genes (rDNAs) organized in multiple copies are transcribed and processed in morphologically distinct regions. The transcription machinery is localized in the fibrillar component: i.e., the fibrillar center (FC) 1 and dense fibrillar component (DFC), whereas the processing machinery is found in the DFC and the granular component (GC; Shaw and Jordan, 1995) . The rDNA transcription machinery, as defined in vitro, is composed of RNA polymerase I (RNA pol I) in association with the upstream binding factor (UBF), and the promoter selectivity factor designated SL1 in human cells (Bell et al., 1988 (Bell et al., , 1989 Jantzen et al., 1990) , and Rib 1 in Xenopus laevis (McStay et al., 1991; Bodeker et al., 1996) . UBF specifically binds to the rDNA promoter (Learned et al., 1986; Bell et al., 1989; Jantzen et al., 1990; McStay et al., 1991) as the first step of the assembly of a stable RNA pol I initiation transcription complex (reviewed by Moss and Stefanovsky, 1995) . After transcription, processing, cleavage, methylation, and pseudo uridylation of the ribosomal RNAs (rRNAs), involve a complex machinery composed of a multitude of small nucleolar RNAs (snoRNAs) and several proteins (reviewed by Smith and Steitz, 1997) . The function of the major protein, fibrillarin (Ochs et al., 1985 b ) , depends on its association with snoRNAs U3 (Gerbi et al., 1990; Filipowicz and Kiss, 1993) , as well as with other snoRNAs, up to and including snoRNAs U63 (Smith and Steitz, 1997) .
The development of specific antibodies against individual nucleolar proteins and the use of specific probes to localize the rDNAs as well as the rRNAs have made it possible to analyze the dynamic organization of this nuclear domain. A stable nucleolar entity appeared dependent on ongoing transcription since inhibition of rDNA transcription could severely affect nucleolar organization. Therefore, it was concluded that the existence of the nucleolar structure was strictly dependent on the nucleolar transcriptional function (Benavente et al., 1987; Weisenberger et al., 1993) .
It has also been established that the nucleolus is built at late telophase in cycling cells (reviewed by Scheer et al., 1993; Thiry and Goessens, 1996) . This process is characterized by two major events, the activation of RNA pol I transcription and the formation of the prenucleolar bodies (PNBs) that move to sites of active transcription after mitosis (Jiménez-Garcia et al., 1994) . Both events are predetermined by the nucleolar activity taking place during the interphase preceding mitosis. Indeed, during mitosis, components of the transcription machinery seem to remain associated with rDNAs (Roussel et al., 1996) and PNBs are formed of preexisting nucleolar complexes such as fibrillarin, nucleolin, protein B23, and snoRNAs. Therefore, the activity of the rDNAs and the formation of a functional nucleolar domain in telophase depend on events occurring in the preceding interphase. The question is now to understand the mechanism of de novo assembly of nucleoli in nuclei originating from parental cells in which no previous nucleolar activity existed.
During early embryogenesis of X . laevis , the timing of transcriptional activation provides an interesting situation (reviewed by Davidson, 1986 ) that we decided to exploit in this study. After fertilization, a series of rapid cleavages are observed and the zygotic genome is transcriptionally quiescent. Schematically, around the 12 th division, at a time called the midblastula transition (MBT; Newport and Kirschner, 1982) , the cell cycle lengthens and a sequential activation first of transcription of class II genes, followed by class III genes and only several cycles later class I genes is observed. However, the exact timing of these events as estimated by measuring accumulation of specific RNAs collected from a population of embryos during various time windows seemed to depend on the sensitivity of the method (Brown and Littna, 1966; Nakahashi and Yamana, 1976; Shiokawa et al., 1994) . Moreover during each window of accumulation, it is impossible to assess precisely when the process started and if this activation operates by a progressive recruitment of an increasing number of nuclei that become transcriptionally competent (as proposed by Shiokawa et al., 1994) or if they increase their individual rate of transcription in a coordinated manner. These parameters are absolutely critical to correlate a structural organization potentially associated with a transcriptional event within an individual nucleus at a precise time during development.
Thus, we decided to develop an approach that would enable us to examine within the same nuclei, the transcriptional state and the organization of defined nucleolar domains at distinct time periods. This could be achieved by run-on in situ transcription assays paralleled with the detection of specific markers of the nucleolus. We found that the transcription factor UBF was associated to the zygotic rDNA in two loci before any detectable RNA pol I activity. The processing protein, fibrillarin, was dispersed in several PNB structures in the nuclei of the rapid cleavage stage embryo and later regrouped around UBF and rDNAs, forming a network of DFC as determined by electron microscopy analysis. Surprisingly, an important amount of pre-ribosomal RNAs (pre-rRNAs) was detected with this fibrillar network whereas rRNA transcription was not yet activated to a detectable level. Thus, the structurally defined nucleolus was inactive for transcription but contained pre-rRNAs from a maternal pool that was maintained during early development of X. laevis . Therefore, we propose that during the de novo nucleolar building, the presence of pre-rRNAs of maternal origin rather than the onset of rRNA transcription is critical to structurally organize the nucleolar domain.
Materials and Methods

Biological Materials
Eggs were obtained from female X . laevis as previously described (Wu and Gerhart, 1991) . Embryos were produced by in vitro fertilization (Almouzni and Wolffe, 1995) and allowed to develop at 23 Њ C in 0.1 ϫ modified Barth solution (Gurdon and Wickens, 1983) for different times after fertilization. In brief, at this temperature, early blastula could be collected 6 h after fertilization (stage 8), midblastula 7 h after fertilization (stage 8.5), late blastula 9 h (stage 9), early gastrula 10 h after fertilization (stage 10), gastrula 11 h after fertilization (stage 10.5), late gastrula 13 h after fertilization (stage 12), and neurula 18 h after fertilization (stage 15; as specified by Nieuwkoop and Faber, 1994) . Nuclei were then isolated under conditions preserving functional properties such as specific import of proteins, DNA replication and transcription (Taddei, A., and G. Almouzni, personal communication) . They were processed immediately after preparation for cytological studies. Xenopus A6 cells were grown as described (Smith and Tata, 1991) .
Primary Antibodies and Probes
Two characterized human sera from patients suffering from scleroderma autoimmune disease were used: an anti-UBF (Roussel et al., 1993) and an anti-fibrillarin (Gautier et al., 1994) autoantibodies. Mouse monoclonal autoantibody 72B9 and rabbit polyclonal antibodies raised against Xenopus fibrillarin (a kind gift of M. Caizergues-Ferrer, Laboratorie de Biologie Moléculaire Eucaryote, Toulouse, France) were also used. Nucleolin labeling was performed using rabbit polyclonal serum directed against human nucleolin (a kind gift of C. Faucher, Toulouse, France).
Probes for rDNA and rRNA detection correspond either to the entire Xenopus ribosomal transcription unit inserted into pBr322 (plasmid pXcr7 kindly provided by F. Amaldi, Universita di Roma Tor Vergata, Italy), or to parts of the unit. A probe designated 5 Ј ETS (external transcribed spacer) was produced by digestion of pXcr7 with NotI and SauI at sites ϩ 176 and ϩ 632, respectively. A probe that recognizes a part of ITS1 (internal transcribed spacer) was also produced by digestion of pXcr7 with KpnI and MluI at sites ϩ 2764 and ϩ 3077, respectively. All the probes were labeled with the nick-translation kit (GIBCO BRL, Gaithersburg, MD) according to manufacturer's instructions using biotin-14-dCTP or ␣ -[ 32 P]dCTP.
Immunofluorescence
Isolated nuclei were fixed in paraformaldehyde in PBS and centrifuged onto a coverslip. A6 cells were cultured on coverslips and fixed. After washing, the different coverslips were postfixed in methanol, permeabilized in 0.1% Triton X-100 (IBI, New Haven, CT) in PBS and rinsed. The coverslips were then treated with 5% BSA in PBS before incubation with primary antibodies. They were then incubated with fluorescein or Texas red isothiocyanate (FITC or TRITC) conjugated secondary antibodies (anti-human, anti-mouse, or anti-rabbit IgG; Jackson ImmunoResearch Laboratories, West Grove, PA), rinsed, counterstained with DAPI (4 Ј -6-diamidino-2-phenylindole dihydrochloride; Polysciences, Inc.,Warrington, PA) and mounted with an antifading solution (Citifluor, London, UK).
Combined Immunolocalization and In Situ Hybridization of rDNA or rRNA
After fibrillarin immunolabeling, hybridization of rDNA was performed as previously described . rRNA hybridization was also performed using this protocol with the following modifications. RNase treatment was omitted and samples were not denatured before hybridization. The rRNA hybridization mixture contained 40% formamide (GIBCO BRL), 10% (wt/vol) dextran sulfate (Sigma Chemical Co., St. Louis, MO), 50 ng/ l sonicated salmon testes DNA (Sigma Chemical Co.) and the biotinylated rDNA probes diluted to a final concentration of 2 ng/ l in 2 ϫ SSC (1 ϫ salt sodium citrate: 0.15 M NaCl, 0.015 M trisodium citrate, pH 7). As a control for the detection of RNA, hybridization was preceded by RNase digestion as described previously (Highett et al., 1993) .
Assay of RNA Polymerase Activity In Situ
Cultured A6 cells or embryonic nuclei were used. Alternatively, A6 nuclei were prepared (Marzluff and Huang, 1980) . All nuclei were centrifuged on coverslips. Run-on transcription was performed as previously described by incorporation of Br-UTP (Sigma Chemical Co.; Masson et al., 1996) . 100 g/ml ␣ -amanitin, 0.2 g/ml actinomycin D to inhibit transcription or 5 g/ml aphidicolin to inhibit DNA synthesis were added to the run-on buffer. Before immunolabeling, cells and nuclei were fixed with paraformaldehyde in PBS and permeabilized with Triton X-100 (0.1% in PBS). A monoclonal anti-Br-deoxyuridine antibody that also recognizes Br-UTP (Boehringer Mannheim, Mannheim, Germany) was used. Human anti-fibrillarin antibody was used as a marker of a structurally defined nucleolus. Run-on and fibrillarin signals were obtained using respectively FITC-conjugated goat anti-mouse and TRITC-conjugated goat anti-human antibodies (Jackson ImmunoResearch Laboratories).
Optical Microscopy
Images were taken with a Leica epifluorescence microscope equipped with a thermoelectronically cooled charge-coupled device (CCD) camera (Leica, Lasertech, Germany). Gray scale images were collected separately with filter sets for FITC and rhodamine/TRITC using an oil immersion lens (63 ϫ , NA I.4 plan Apochromat). A Leica confocal laser scanning microscope (imaging system TCS4D) was also used. For fluorescein and Texas red excitation an argon Krypton laser operating respectively with the 488 nm and 568 lines was used. Gray scale images were pseudo colored and merged using the Adobe Photoshop 4.0 software. Quantification of the data was performed using the NIH image 1.56 software.
Electron Microscopy
Isolated nuclei of Xenopus embryos were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, at 4 Њ C. They were washed in cacodylate buffer, post-fixed in 1% OsO4 for 1 h at 4 Њ C, stained with 0.05% uranyl acetate en bloc, dehydrated in graded alcohol and embedded in Epon 812. Ultrathin sections were contrasted with uranyl acetate and lead citrate, and examined in a Philips EM412 electron microscope.
For immunolocalization, isolated nuclei were fixed in paraformaldehyde in PBS, washed in Sorensen buffer (sodium phosphate buffer, pH 7.4) for 30 min, dehydrated in graded alcohol and embedded in LRWhite (Polyscience, Niles, IL). Ultrathin sections were picked up on 200 mesh nickel grids and indirect immunolabeling was performed. After incubation with PBS, 0.5 M glycine, sections were blocked with PBS, 0.5% fish gelatin, and 0.1% Tween, incubated with the polyclonal serum against Xenopus fibrillarin and then with 10 nm gold conjugated anti-rabbit antibody (AuroProbe; Pharmacia Biotech, Uppsala, Sweden) or 5 nm protein A-gold. Ultrathin sections were contrasted with uranyl acetate. In control experiment, the primary antibody was omitted.
Protein Analysis by Immunoblotting
Total protein extract from 12 eggs or embryos were prepared by homogenization in 100 l of modified RIPA buffer (20 mM Tris-HCl, pH 8, 1 mM EDTA, 150 mM NaCl, 1% deoxycholate, 0.1% SDS, 1% NP-40, 10 g/ml leupeptin, 10 g/ml pepstatin, 10 g/ml aprotinin, and 1 mM PMSF). The samples were sonicated and centrifuged at 6,000 g for 10 min. Proteins in the yolk-free supernatants were adjusted in sample buffer (Laemmli, 1970) . A6 cells were lysed directly and sonicated in this buffer. For nuclear extracts, nuclei were collected by centrifugation of nuclear suspensions before solubilizing the proteins. Western blots were performed as previously described (Roussel et al., 1993) .
Northern Blot Analysis
RNAs were purified from eggs or embryos at various times after fertilization using the kit RNA now (Biogentex, Seabrook, TX), followed by a LiCl precipitation (Almouzni and Wolffe, 1995) . RNAs were denatured in 50% formamide, 1.84 M formaldehyde, 10 mM sodium phosphate buffer, pH 6.5, and fractionated on 0.8% agarose gel containing formaldehyde. RNAs were transferred onto a nitrocellulose filter (BA-S85; Biorad, Hercules, CA). After baking and cross-linking, the filter was prehybridized for 5 h at 42 Њ C in buffer containing 50% formamide, 5 ϫ SSPE (Maniatis et al., 1982) , 10 ϫ Denhardt's solution (Maniatis et al., 1982) , 0.1% SDS, and 50 g/ml salmon sperm DNA. It was hybridized with the appropriate 32 P-labeled probe in the same buffer for 20 h at 42 Њ C. After hybridization, the filter was washed twice for 10 min each in 2 ϫ SSC, 0.1% SDS at 65 Њ C, and finally once for 5 min in 0.1 ϫ SSC, and 0.1% SDS at 65 Њ C. Autoradiography was performed with a PhosphoImager (Molecular Dynamics, Inc., Sunnyvale, CA). The size of the RNAs was determined by comparison to an RNA ladder (GIBCO BRL).
Results
The Maintenance and Subcellular Localization of the Maternal Pool of Nucleolar Proteins during Early Development of X. laevis
The presence of three nucleolar proteins (UBF, fibrillarin, and nucleolin) was investigated at different stages of development of X . laevis (Fig. 1 ). Western blot analysis using specific antibodies and performed with A6 cell lysates or whole protein extracts from eggs or embryos at different times after fertilization revealed two Xenopus UBF forms of 82 and 85 kD (Guimond and Moss, 1992 ; Fig. 1 a ) , fibrillarin of 34 kD (Lapeyre et al., 1990 ; Fig. 1 b ) and the two forms of Xenopus nucleolin of 90 and 95 kD (CaizerguesFerrer et al., 1989; Messmer and Dreyer, 1993;  Fig. 1 c ) . Whereas the equivalent of 10 5 A6 cells was needed to detect each nucleolar protein, the material extracted from the equivalent of 1.5 eggs was sufficient to obtain a signal (Fig. 1 , compare lanes A6 and E ). This is consistent with the excess amount of RNA pol I activity found in an egg when compared with a somatic cell (Gurdon and Wickens, 1983) . The relative amount of the three antigens was determined in embryos at later stages of development. No detectable change was noticed until 12 h after fertilization consistent with the maintenance of the maternal pool throughout early development. Increasing amounts of the three proteins were measured at later stages, possibly reflecting new synthesis. Accumulation of fibrillarin was already observed 13 h after fertilization while UBF and nucleolin increased only slightly. At 18 h after fertilization, the three nucleolar proteins were already present in large quantities.
The subcellular distribution of these proteins was examined. Nuclei were isolated and both nuclear and total extracts were compared (Fig. 2) from embryos 6 h after fertilization (inactive RNA pol I transcription) and 13 h after fertilization (active RNA pol I transcription; Brown and Littna, 1964; Brown and Littna, 1966; Shiokawa et al., 1989) . The results are presented for UBF; however similar results were obtained for the pool of fibrillarin and nucleolin (data not shown). Using embryos 6 h after fertilization, a strong signal was detected with the total protein extract prepared from 1.5 embryos (Fig. 2, lane 2 ) . The extract corresponding to the equivalent number of nuclei (1,500 nuclei according to Nieuwkoop and Faber, 1994; Fig. 2 , lane 3 ) was not sufficient to detect a UBF signal: up to an equivalent of 15,000 nuclei was required to detect a weak signal (Fig. 2, lane 4 ) . These data are consistent with nuclei containing only a limited fraction of the UBF pool at this stage, the majority being in the cytoplasm. Using embryos 13 h after fertilization, the difference of signal intensity between total and nuclear extracts was greatly reduced as compared with 6 h after fertilization (Fig. 2, lanes 5 and 6 ) . This is in agreement with previous results (Messmer and Dreyer, 1993) reporting nuclear translocation of nucleolin starting at early blastula. Our results indicate that the maternal pool of these nucleolar proteins is recruited late in nuclei formed during early development.
Subnuclear Distribution of the Nucleolar Proteins, UBF, Fibrillarin, and Nucleolin
The subnuclear localization of these proteins was followed by immunofluorescence on embryonic nuclei isolated at different stages of development. To ensure that the data collected were statistically significant, labeling of each nucleolar protein was determined on more than 1,500 nuclei at a specific stage, prepared from at least four distinct batches of fertilization.
UBF labeling did not vary significantly at the different times of development examined (Fig. 3 , A-C ) or at later stages (not shown). It was always distributed in several beads aligned as a folded filament and confined to two sites in the nuclei, one of them being more predominant than the other. A single confocal optical section corresponding to the predominant site is shown for each stage (Fig. 3, A-C ) . Interestingly, the distribution of UBF at each embryonic stage was similar to that of somatic A6 cells (Fig. 3 D ) known for their high nucleolar activity (Masson et al., 1996) . In somatic cells, it was previously reported that the distribution of UBF as an alignment of small beads corresponded to actively transcribing genes while UBF clustered in large spots reflected rather absence of transcription (Jordan et al., 1996) . Thus, it was surprising to find that during development, the subnuclear distribution of UBF was similar at all stages (Fig. 3 , A-C ) whether or not rRNA synthesis was active. The precise determination of active and inactive stages is presented below. Fibrillarin as revealed by immunostaining showed a dotlike distribution in embryonic nuclei isolated 6 h after fertilization (Figs. 3 A Ј and 4 A Ј ). Labeling was associated with dense particles of different sizes visible in phase contrast and dispersed throughout the nucleoplasm. At later stages, the fibrillarin redistributed in particles clustered in two sites within the nucleus (Figs. 3 B Ј and 4 B Ј ) . This clustering was first observed in 3% of the nuclei in embryos 7 h after fertilization, increased rapidly to reach 75% of the population of nuclei isolated 9 h after fertilization to finally become generalized to 90% of embryonic nuclei 12 h after fertilization (see below, Fig. 12 ).
Fibrillarin clustered on the same nuclear sites as UBF, and localized in dense structures in phase contrast (Fig. 4  B Љ ) . Merging fibrillarin and UBF signals from the same optical section (Fig. 3 , B Љ -D Љ ) showed their tight intrication. Figure 1 . The maternal pool of nucleolar proteins is conserved until zygotic activation. Total protein extracts from A6 cells (A6), eggs (E), or embryos at different times after fertilization were prepared. Proteins extracted from 10 5 A6 cells or 1.5 eggs or embryos were loaded onto each lane of an SDS-8% polyacrylamide gel. The gel was blotted onto nitrocellulose and probed with antihuman UBF (a), anti-human fibrillarin (b), and anti-human nucleolin (c) sera. Detection of the complexes was achieved using an appropriated second antibody coupled to peroxidase and revealed by ECL. Figure 2 . Subcellular distribution of the maternal pool of UBF during development. Total (T) or nuclear (N) protein extracts were prepared and analyzed by SDS-8% polyacrylamide gel, blotted onto nitrocellulose and probed with anti-human UBF serum. For A6 cells, an equivalent to 66,000 nuclei was loaded (A6, N, lane 1). Lanes 2 and 3 contain respectively total and nuclear proteins from 1.5 embryos 6 h after fertilization. Lane 4 contains nuclear proteins from 15 embryos 6 h after fertilization (an equivalent to 15,000 nuclei since one embryo contains only 1,000 nuclei at this stage). Lanes 5 and 6 contain, respectively, total and nuclear proteins from 1.5 embryos 13 h after fertilization (one embryo contains ‫000,51ف‬ nuclei at this stage).
The distribution of nucleolin, a major nucleolar protein that associates with rRNAs (Serin et al., 1996) , was examined. Nucleolin was mainly diffusely distributed throughout the nucleoplasm in embryonic nuclei 6 h after fertilization and was also weakly present in foci corresponding to fibrillarin dots (Fig. 4 A) . Later, while fibrillarin started to cluster, colocalization of both nucleolin and fibrillarin was observed. Fibrillarin and nucleolin were colocalized on two large structures that appeared dense in phase contrast when the regroupment was complete (Fig. 4, B-BЉ) .
Fibrillarin Regrouped Near rDNA Early during X. laevis Embryogenesis
To determine whether fibrillarin regroupment occurred near ribosomal genes, rDNA was revealed by in situ hybridization and fibrillarin was detected on the same nuclei. Whereas, the dot-like pattern distribution of fibrillarin did not show any preferential localization compared with rDNA sites at 6 h after fertilization (not shown), a small fraction of dots began to distribute around the rDNA affecting 30% of the nuclei at 7 h after fertilization (Fig. 5  AЉ) . Partial regroupment became complete in an increasing number of nuclei between 7 and 9 h after fertilization. At 9 h after fertilization, fibrillarin was entirely regrouped around the rDNA and no isolated dot could be seen; the two labelings were always close to one another (Fig. 5 BЈ) . Several foci of fibrillarin were generally observed in the same site and corresponded to the dense structures observed by phase contrast microscopy (Fig. 5, Aٞ and Bٞ) . The space around and between the dense structures was occupied by rDNAs. In A6 cells (Fig. 5, C-Cٞ) , one of the two rDNA sites was preferentially amplified and occupied a central position in the large nucleolus. Fibrillarin was present around each rDNA site but accumulated preferentially at the periphery of the larger one.
Fine Structure of the Nucleolar Domain and Nucleolar Components during X. laevis Embryogenesis
The structural organization of nuclei was also analyzed at high resolution by electron microscopy. At 6 h after fertilization, highly decondensed chromatin and round-shaped dense fibrillar structures could be observed (Fig. 6, A and  B) . The aspect of these dense structures was reminiscent of the PNBs previously described (Ochs et al., 1985a; Scheer et al., 1993; Zatsepina et al., 1997) confirming previous report (Hay and Gurdon, 1967) . The presence of fibrillarin in these structures (Fig. 6 C) further supports their identification as PNBs. Discrete structures in which nucleolar proteins accumulated could be observed before any typical nucleolar assembly. In nuclei from embryos 8 and 9 h after fertilization, nucleolar domains could be identified around which chromatin was not as loosely compacted as in other parts of the nuclei (Fig. 6 D) . However, it was surprising to find that in these nucleolar domains, DFC formed a network (Fig. 6 D) . Since DFC in a network is generally associated with transcribing nucleoli, this observation was unexpected. Immunolabeling of fibrillarin (Fig. 6 E) , confirmed that this DFC was generated, at least in part, by regroupment of PNB-containing fibrillarin around the rDNAs as described above (Figs. 3 and 5 ). In nuclei 13 h after fertilization, the nucleoli increased in size and complexity, and were organized in DFC and in GC as seen in fully active nucleoli (Fig. 6, F and G) . Since, DFC formed a network already 8 h after fertilization, it was therefore important to examine the transcriptional activity of these embryonic nuclei.
Transcriptional Activity of the rDNA at the Time of Fibrillarin Regroupment
We analyzed transcription by in situ run-on assays and localized the nucleolar domain on the very same nuclei by fibrillarin labeling. For each time after fertilization, 200 embryos were collected for nuclear isolation and at least 600 nuclei were analyzed. These experiments were performed with three distinct batches of fertilization. On A6 cells, the run-on conditions used had permitted the selective detection of RNA pol I activity concomitantly with RNA pol II activity in a proportion that was representative of what was expected on the basis of biochemical estimations (Masson et al., 1996) . RNA pol III activity was believed to be very low in cultured cells under these conditions (Marzluff and Huang, 1980; Wansink et al., 1993) . The same conditions were used with embryonic nuclei and with nuclei isolated from A6 cells. A specific class of transcripts was further characterized using inhibitors. RNA pol I activity was abolished by 0.2 g/ml of actinomycin D and was not affected by 100 g/ml of ␣-amanitin. Interestingly, only RNA pol I activity was detected in nuclei isolated from A6 cells (Fig. 7 D) . The activities detected in embryonic nuclei depended on the time after fertilization. No signal was detected in nuclei 6 h after fertilization (data not shown). Importantly, a signal was first detected only in very few nuclei (no more than 3% of the nuclei) isolated 7 h after fertilization. These nuclei displayed PNBs that had already regrouped as judged by fibrillarin labeling. The fraction of nuclei with transcriptional activity increased between 7 and 9 h after fertilization correlating with the fraction of nuclei in which the nucleolar proteins had regrouped completely. Transcription in these nuclei was scattered throughout the nucleoplasm in foci of different intensity, a distribution compatible with RNA pol II transcripts (Fig. 7 A) . None of the transcripts colocalized with fibrillarin (Fig. 7 AЉ) and the use of inhibitors confirmed that they were not RNA pol I transcripts. RNA pol I activity colocalizing with fibrillarin was first seen only in 2% of the nuclei isolated from embryos 9 h after fertilization. In these nuclei, RNA pol I activity was the major transcription signal, whereas low levels of other transcription activities were detected outside the nucleoli. Later, RNA pol I activity was seen in 10% of the nuclei 10 h after fertilization, to reach 40% of the nuclei 11 h after fertilization (Fig. 7, B-BЉ) , and in most nuclei 12 h after fertilization. RNA pol I activity was visible in all nuclei 18 h after fertilization: it was often higher in one of the two nucleolar structures than in the other (Fig. 7, C-CЉ) . This difference was amplified in A6 nuclei (Fig. 7, D-DЉ) . Thus, it appears that regroupment of nucleolar proteins occurred in a large fraction of embryonic nuclei before a significant fraction of the nuclei had detectable RNA pol I activity as illustrated by the graph summarizing the data (Fig. 12) . A correlation can be established between regroupment of nucleolar proteins and the onset of RNA pol II and pol III activities. However, the regroupment of these proteins around rDNA was not associated with the onset of rDNA transcription.
The Presence and Localization of Pre-rRNAs before the Activation of RNA Pol I-dependent Transcription
The nucleolar domain observed after nucleolar protein regroupment exhibited a structural organization compatible with nucleolar activity, whereas no RNA pol I transcription was detected in most nuclei at that time. As the role of rRNAs seemed crucial for nucleolar organization (Weisenberger et al., 1993) , we looked for the presence of rRNAs in these structures. Thus, in situ hybridization was performed using the rDNA probe (Fig. 8) on nondenatured embryonic nuclei at early stages (Figs. 9 and 10) and at later stages (not illustrated). rRNAs were first detected in nuclei 7 h after fertilization that had initiated the regroupment of fibrillarin (Fig. 9 a, A-AЉ) . The signal was associated with these sites of regroupment but not with the multiple fibrillarin foci that were still dispersed. It was abolished by RNase treatment arguing in favor of an Figure 4 . Localization of nucleolin (Nuc) and fibrillarin (Fib) in nuclei from embryos 6 h (A-AЉ) and 9 h (B-BЉ) after fertilization. While dot-like structures are seen using anti-human fibrillarin serum at 6 h after fertilization (AЈ), nucleolin labeling with antihuman nucleolin serum is diffuse in the nucleoplasm (A). Both proteins are colocalized 9 h after fertilization (B and BЈ). (AЉ and BЉ) are phase contrast microscopy.
RNA-derived hybridization signal (Fig. 9 a, B-BЉ) . At 9 h after fertilization, relatively high rRNA signals were detected in the nuclei where the nucleolar domains were formed (Fig. 9 b, A-D , 2) while no signal was detected in nuclei where fibrillarin was still dispersed (Fig. 9 b, A-D, 1) .
To determine whether these rRNAs were processed, probes that hybridize specifically with the processed sequences (5ЈETS and ITS1 probes) were used (Fig. 8) . Strong signals were obtained on A6 cells with the 5ЈETS (Fig. 10 a, B-BЉ ) and ITS1 probes (not shown) but the entire nucleolar domain was not stained in contrast to what was observed with the rDNA probe (Fig. 10 a, A-AЉ) arguing in favor of the specificity of these two probes. In embryonic nuclei 7 and 9 h after fertilization, the 5ЈETS and ITS1 probes gave the same pattern of hybridization as the entire rDNA probe (compare Fig. 10 b, B-BЉ and C-CЉ with Fig. 10 b, A-AЉ) , i.e., colocalizing and also surrounding the nucleolar fibrillarin signal. It is noteworthy that the distribution of the 5ЈETS and ITS1 probes was homogeneous in embryonic nuclei as opposed to the punctuated distribution in A6 transcribing nucleoli (compare Fig. 10 b, B-BЉ and C-CЉ with Fig. 10 a, B-BЉ) . Therefore, the homogenous distribution of rRNA over the nucleolar domain found in embryonic nuclei between 7 and 9 h after fertilization can be identified as incompletely processed pre-rRNAs.
Quantification of fluorescence signals obtained after fluorescent in situ hybridization (FISH with rDNA and 5ЈETS probes) and run-on assays on A6 cells or embryonic nuclei 9 h after fertilization was performed using the NIH image 1.56 software (Table I) . Unprocessed transcripts were specifically labeled by FISH with the use of 5ЈETS probe or by incorporation of Br-UTP in a run-on assay. The signal obtained by FISH with rDNA probe that labeled all rRNAs was also quantified. In A6 transcribing cells, unprocessed transcripts represent a fraction of 1/15 of the total rRNA as determined by FISH (ratio 5ЈETS/ rRNA). Performing the same quantification with embryonic nuclei 9 h after fertilization gave a ratio 5ЈETS/rRNA of 1. Therefore, nearly all the rRNAs detected are unprocessed pre-rRNAs. By run-on assays, the elongating rRNA transcripts gave a signal that was 6.5 times the signal obtained by FISH with the 5ЈETS probe. If these pre-rRNAs were newly transcribed in nuclei 9 h after fertilization, the signal obtained by run-on assays should be detected at a mean value of integrated density 6.5 times stronger (expected value 2,167 instead of 0). Since no signal was detected, we conclude that nearly all pre-rRNAs detected by FISH are imported to nucleolar sites.
If rRNAs were not produced by activation of zygotic rDNA transcription, they might possibly originate from the maternal pool that was maintained during the early development of X. laevis. Performing Northern blot analysis using the 5ЈETS probe, we showed that embryos between 2 and 9 h after fertilization contained a stable level of 40 S pre-rRNAs (Fig. 11 ), in agreement with previous reports Figure 5 . Fibrillarin becomes clustered near the rDNAs during development. Embryonic nuclei and A6 cells were labeled with antifibrillarin human serum (red, AЈ-CЈ) before performing rDNA hybridization in situ with an rDNA biotinylated probe (green, A-C). Images were directly numerized from a camera on a fluorescence microscope and then both labelings were merged (AЉ-CЉ). At 7 h after fertilization, part of the fibrillarin in red was clustered close to rDNAs in green (AЉ) but isolated dots of fibrillarin were seen in the nucleoplasm (arrows, compare with Fig. 4 for earlier time). At 9 h after fertilization, all the fibrillarin dots were regrouped around rDNA (BЉ). In the A6 cell (C-CЉ), most rDNAs (C) were totally embedded in the largest nucleolar structure labeled by anti-fibrillarin serum (CЈ). Sites of fibrillarin accumulation are dense in phase contrast (Aٞ-Cٞ). FISH is less sensitive than run-on assays to detect unprocessed transcripts. Quantification of fluorescence signals was performed with NIH image 1.56 on acquisitions obtained after FISH with rDNA and 5ЈETS probes and run-on assays on A6 cells or embryonic nuclei 9 h after fertilization. For each method, 20 images were chosen at random and the same thresholding was applied. The signal was quantified leading to an integrated density value. The mean of 20 values is given for each case and the ratios between the different methods are established (Ratio). (Busby and Reeder, 1982) . At the time of the initial nucleolar building, we demonstrated that this pool of 40 S prerRNAs was present. Since transcription was not detected before 11 h after fertilization, the pre-rRNAs found in nuclei between 7 and 9 h after fertilization by in situ method could be of maternal origin.
Discussion
Following fertilization in X. laevis, the zygotic genome remains silent during the first rapid divisions, and transcription is then progressively established with a delay between RNA pol II, RNA pol III, and RNA pol I transcription (reviewed by Kirschner et al., 1985; Gurdon and Wakefield, 1986; Shiokawa et al., 1994) . The delay in the onset of transcription makes it possible to study the de novo assembly of the machineries involved in transcription and processing, independently of the active transcription process itself. In this study, we took advantage of this biological model to investigate the building of transcriptionally competent and structurally defined nucleoli.
Nuclei Establishing Transcriptionally Competent and Structurally Defined Nucleoli Are Progressively Recruited
Global estimations of RNA pol I activity in X. laevis embryogenesis have been examined by several authors. The first ones established that RNA pol I activity was initiated in the early gastrula stage (Brown and Littna, 1964; Brown and Littna, 1966; Nakahashi and Yamana, 1976) . Similar timing for RNA pol I transcription activation was observed on injected rDNAs (Busby and Reeder, 1983) . Using a more sensitive assay, others detected RNA pol I activity at blastula stage (Shiokawa et al., 1981a; Shiokawa et al., 1981b) ; measurement of the radioactivity incorporated by embryonic cells was performed for periods of 4 h or 2 h. In this type of assay, it is hard to establish precisely when transcription actually begins. Data concerning the expression and nuclear localization of individual nucleolar proteins during embryonic development are available for X. laevis (Caizergues-Ferrer et al., 1989 Messmer and Dreyer, 1993) but there is Figure 6 . Ultrastructural analysis of nuclei at different times during X. laevis development: 6 h (A-C), 8 h (D and E) and 13 h after fertilization (F and G) . At 6 h after fertilization, the nuclei exhibited decondensed chromatin and numerous nuclear pore complexes (A). Round-shaped dense fibrillar structures similar to PNB were observed (A and B). When sections were incubated with anti-fibrillarin antibodies, these dense fibrillar structures were labeled by protein A gold (C). At 8 h after fertilization, the nucleolar domain was characterized by dense fibrillar component forming a network (D) and containing fibrillarin (gold particles in E). At 13 h after fertilization (F), the nucleolus was formed by dense fibrillar component (DFC) surrounded by granular component (GC).The star indicates a structure similar to fibrillar center. Fibrillarin was localized on DFC whereas no label was detected over the granular component (G). Bar: 0.2 m.
presently no investigation on the building of the nucleolus that considers both the targeting to rDNAs of the nucleolar proteins and the transcriptional activity in the same nuclei. Such events should be analyzed in the same cells because cell divisions become asynchronous after the first 12 divisions in Xenopus embryos. Consequently, in certain cells, some nuclei can be engaged in nucleolar building earlier than others depending on the state of differentiation (Shiokawa and Yamana, 1979; Caizergues-Ferrer et al., 1991) . Thus, global evaluation of the events is only indicative and cannot demonstrate precise correlation.
In this study and as summarized in Fig. 12 , regroupment of nucleolar proteins towards the rDNA sites was correlated with the transcription activities in the same nuclei. Nuclei are progressively recruited for two main events, (a) regroupment of nucleolar proteins and (b) RNA pol I activation, and importantly these two events are delayed during development. The short labeling time (10 min) for the run-on in situ assay allows precise determination of the timing of events relative to the embryonic development. This assay has also proved to be a sensitive method capable of revealing a few transcripts (Jackson et al., 1993; Wansink et al., 1993) . This is illustrated by the fact that in cell lines, the initiation of the RNA pol I activity can be demonstrated by this approach already in anaphase and telophase (Roussel et al., 1996; Gébrane-Younès et al., 1997) . In this assay on individual nuclei, the RNA pol I activity was first detected in only a small subset of nuclei around midblastula (Fig. 12) but with a high level of activity. This can explain the low level of activity detected using a global approach (Brown and Littna, 1964; Brown and Littna, 1966; Nakahashi and Yamana, 1976; Shiokawa et al., 1981a Shiokawa et al., , 1989 Shiokawa et al., , 1994 at the initial stage of activation. RNA pol I activity was found to take place in an increasing number of nuclei up to late gastrula. For a majority of nuclei, RNA pol I activation is thus a post-MBT event.
Presence of Pre-rRNAs before the Activation of the RNA Pol I So far, it has been assumed that the structure of the nucleolus is the consequence of rRNA synthesis, thus the nucleolus would be an organelle formed by the act of building a ribosome (Mélèse and Xue, 1995) .
In this study, we observed that although no RNA pol Figure 7 . rDNA transcription appears after regroupment of fibrillarin. In situ run-on incorporation of Br-UTP (green) in isolated embryonic nuclei (A-C) or A6 nuclei (D) was coupled with fibrillarin labeling (red) using the anti-fibrillarin human serum (AЈ-DЈ). Images were directly numerized from a camera on a fluorescence microscope and both labelings combined (AЉ-DЉ). Superposition showed that nucleolar transcription was not yet detected 9 h after fertilization (AЉ) while rDNA transcription was the major transcription observed on nuclei at 11 h (BЉ) and 18 h (CЉ) after fertilization, and in A6 nuclei (DЉ). The white line indicates the nuclear contour (AЉ-DЉ). I-specific transcription was detected by the run-on in situ assay, unprocessed rRNAs with 5ЈETS and ITS1 sequences were associated with the building process during MBT (Fig. 12 ). Had they arisen from zygotic transcription, a detectable signal would have been expected by the runon in situ assay which was not the case. The distribution of these pre-RNAs is also in favor of the fact that they were not transcribed in the newly formed nucleolar structures. Indeed, they exhibited a homogeneous distribution instead of the punctuated distribution corresponding to foci of transcription described in transcribing cells (PuvionDutilleul et al., 1997) and also observed here in A6 cells. These pre-rRNAs most likely represent a fraction of the large maternal pool of pre-rRNAs we found to be maintained at early stages of development. These pre-rRNAs that were neither processed nor degraded during early development (Busby and Reeder, 1982) would be imported into nuclei in amounts sufficient to be detected by in situ hybridization. Since pre-RNAs are present before transcription, it is tempting to speculate that they might participate in the building of the nucleolar domain.
The organization of the nucleolar proteins assembled at MBT exhibited a DFC-like structure forming a complex network. This organization was surprising since no detectable RNA pol I transcription was found in the majority of the nuclei at this stage. In general, the complex network organization of the DFC, the nucleolar component in which pre-rRNA transcripts accumulate, is associated with active transcription Hernandez-Verdun and Junéra, 1995; Shaw and Jordan, 1995) . In mutant Figure 10 . (a) Distribution of rRNAs in cycling cells. A6 cells were labeled with anti-fibrillarin serum (red) before performing rRNA FISH (green) with the rDNA probe (A) or the 5ЈETS probe (B). Pre-rRNAs hybridized with the 5ЈETS probe occupy a limited region of the functional nucleolus (B-BЉ) whereas the rRNAs hybridized with the rDNA probe distributed all over the nucleolar domain (A-AЉ). The white line indicates the nuclear contour (AЉ-BЉ). (b) Unprocessed rRNAs are associated with the formation of structurally defined nucleoli. At 9 h after fertilization (A-AЉ), rRNAs (green) were colocalized with fibrillarin (red). Some rRNAs are present in a region that surrounds the fibrillarin-labeled area (AЉ). The same localization was obtained using the 5ЈETS (B-BЉ) and ITS1 probes (C-CЉ) indicating that the rRNAs detected 9 h after fertilization are incompletely processed rRNAs. The white line indicates the nuclear contour (AЉ-CЉ).
X. laevis embryos (o-nu) devoid of rDNA zygotic transcription, compact DFC-like structures were found in pseudonucleoli (Hay and Gurdon, 1967) . However, the incomplete genetic characterization of these mutants does not allow one to assess which are the critical components for the complete organization of a network in these pseudonucleoli. In the case of drug-inhibited transcription, DFC did not form a network, but a homogeneous segregated structure (reviewed by Hadjiolov, 1985; Shaw and Jordan, 1995) and (Puvion-Dutilleul et al., 1992; PuvionDutilleul et al., 1997) .
Our findings showing the presence of pre-RNAs in all nucleolar domains assembled at MBT shed a new light on the current models in which the expression of genes directs an apparent reorganization of nuclear components (reviewed by Singer and Green, 1997) . RNAs produced by active transcription could be the structuring element in the organization of nuclear component; this concept could be extended to RNAs previously transcribed. In X. laevis embryogenesis, pre-rRNAs of maternal origin could play a role in nucleolar organization of embryonic nuclei, especially in the three-dimensional organization of the DFC.
Building Functional Nucleoli in Xenopus Embryos
The transcription factor UBF was already detected at genomic rDNA sites in nontranscribing nuclei, i.e., before MBT. Similar results were recently reported (Bell and Scheer, 1997) . This indicates that in embryonic nucleoli, the targeting of UBF to the rDNAs occurs very early, before transcription activation.
During the building of functional nucleoli, the de novo assembly of the rRNA processing machinery is an important step. At pre-MBT, the structures (Hay and Gurdon, 1967) containing fibrillarin were similar to the PNBs described in various animal and plant cells at the end of mitosis (Ochs et al., 1985a; Jiménez-Garcia et al., 1994) and (reviewed by Zatsepina et al., 1997) . It has also been reported that fibrillarin is assembled with newly synthesized U3 snoRNAs at pre-MBT (Caizergues-Ferrer et al., 1991) . Thus, the assembly of PNB structures at pre-MBT may represent an initial step towards the assembly of the processing machinery.
At MBT, fibrillarin-containing PNBs regrouped around the rDNAs before the initiation of RNA pol I transcription. In somatic cells, it has been proposed that PNB regroupment is linked to rDNA transcription, as supported by the temporal order of nucleolar building at the end of mitosis and the effects of drugs inhibiting rDNA transcription (Benavente et al., 1987; Scheer et al., 1993; Weisenberger et al., 1993) . In this work, we show that pre-rRNAs were present at the site of regroupment of the nucleolar proteins, fibrillarin and nucleolin. In X. laevis, it has been reported that nucleolar accumulation of nucleolin required the presence of the RNA binding domains (Messmer and Dreyer, 1993) . It is noticeable that nucleolin from human and mouse was found to interact with nucleolin recognition element motifs in the 5ЈETS but also in the ITS and in the 18S and 28S RNA sequences, i.e., with the pre-rRNAs (Serin et al., 1996) . Therefore, it is tempting to speculate the existence of an interaction between the unprocessed rRNAs and nucleolin. Future work will address Figure 11 . A maternal pool of 40 S pre-rRNAs is maintained during early development of X. laevis. A Northern blot was performed using sample of RNAs prepared with embryos at various time after fertilization. Each lane was loaded with RNAs from two embryo equivalents excepted the last one which was loaded with RNAs from 10 5 A6 cells. The blot was first probed with the 32 P-labeled 5ЈETS probe that hybridized to 40 S pre-rRNAs. An exposure of 24 h was performed after hybridization to 40 S prerRNAs. The same blot was further rehybridized with the 32 P-labeled rDNA probe to estimate the RNA loading per lane. A short exposure of 1 h was sufficient to see hybridization to 18 S and 28 S rRNAs. Taking into account this difference, the signal obtained for the 18 S or 28 S rRNAs was 70 times stronger than the signal for the 40 S pre-rRNAs.
Figure 12. Nuclear events described in this work. Percentage of embryonic nuclei are expressed as a function of time after fertilization. Schematic representations of the embryos at the different times are presented below the graph. The first event described was UBF association with rDNAs in nearly all embryonic nuclei at every time after fertilization ( ). Regroupment of fibrillarin and nucleolin to the nucleolar domain ( ) as well as maternal pre-rRNAs ( ) were observed in a growing fraction of embryonic nuclei between 7 and 13 h after fertilization. The curve corresponding to RNA pol II or pol III activities detected by run-on assays in nuclei ( ) was identical to the two latter curves since transcription activities were detected in nuclei in that nucleolar proteins and maternal pre-rRNAs were regrouped. However, onset of RNA pol I activity was not concomitant with this regroupment. The curve expressing the percentage of nuclei with RNA pol I activity ( ) shows a delay of ‫5.2ف‬ h. For simplification, the period that comprises the recruitment of nuclei competent for RNA pol II transcription will be referred to as MBT and the periods before or after as pre-MBT or post-MBT, respectively. how these two events can be linked or regulated. We do not exclude the hypothesis that interaction of nucleolar proteins with rRNAs or with other proteins could play a role in the building of nucleolus.
Significance for the Establishment of a Functional Nucleolus
When comparing different models of nucleologenesis, it appears that in the majority of cases, preassembled building material is required. In this work, we found that in Xenopus embryos, cytoplasmic maternal pools were progressively associated with the newly formed nuclei. This was also substantiated in vitro, since fibrillarin, nucleolin and protein B23 present in Xenopus egg extracts accumulated in the reconstituted nuclei and gathered in PNBs (Bell et al., 1992; Bell and Scheer, 1997) . In nuclei of early mammalian embryos up to four blastomeres, several nucleolar precursor bodies containing preassembled nucleolar components of maternal origin existed before the formation of an active nucleolus (Biggiogera et al., 1994; Baran et al., 1995 Baran et al., , 1996 . Similarly at the end of mitosis in cycling cells, nucleologenesis involved the preassembled RNA pol I transcription machinery from the mother cell (Roussel et al., 1996) , and PNBs formed by the recruitment of preexisting nucleolar complexes .
Thus, there may be general principles directing the building of a functional nucleolus. It can be proposed that preassembled complexes must be recruited around the nucleolar organizer regions and organized into functional domains that are dependent on rRNAs. In Xenopus embryos, these events were separated by several cell cycles taking place between 7 and 12 h after fertilization. The formation of PNBs occurred in nuclei of cleaving embryos in the absence of transcription, and their subsequent regroupment at MBT still did not depend on transcription. However pre-rRNAs were found in these latter structures. The presence of pre-rRNAs independent of transcription may be a common feature shared in the different types of nucleologenesis. Interestingly, it was reported in plant and animal cells that pre-rRNAs were imported from the mother to daughter cells during mitosis (Fan and Penman, 1971; Abramova and Neyfakh, 1973; Jiménez-Garcia et al., 1994; Medina et al., 1995; Beven et al., 1996) , and prerRNAs were detected in PNBs. Since activation of transcription and PNB recruitment occurred simultaneously in the somatic cell cycle, it is difficult to attribute a role to these pre-rRNAs in the building of the new nucleolar domain. The delay in transcriptional activation during early embryonic development made it possible to unambiguously demonstrate the presence of these pre-rRNAs at nucleolar sites. Future studies will now address the question of how the nuclear import of these pre-RNAs and their targeting to the rDNAs are controlled.
